Abstract Aims/hypothesis: The islet microcirculation has morphological characteristics resembling those of renal glomeruli. Transcription of the nephrin gene, a highly specific barrier protein of the slit diaphragm of podocyte foot processes, has been reported in the pancreas, although its cellular localisation and function remain to be defined. In this study, we purified and characterised microvascular endothelial cells (MECs) isolated from human islets and investigated the expression and distribution of nephrin on these cells. Methods: Human islet MECs were extracted and purified using anti-CD105-coated immunomagnetic beads and their endothelial characteristics were confirmed by expression of classical endothelial markers and basal high-level expression of intercellular adhesion molecule-1 and TNF-α-inducible vascular cell adhesion molecule-1. Nephrin expression was assessed by immunofluorescence, flow cytometric analysis and western blotting on cell lysates, as well as by RT-PCR. Results: Immunofluorescence studies detected nephrin in a fine, punctate, diffuse pattern on cultured islet MECs, and also in human pancreatic islet sections. In both cases nephrin colocalised with endothelial markers. TNF-α treatment induced a marked reduction and redistribution of the protein in one or multiple aggregates. Nephrin expression was confirmed by flow cytometry, western blotting and RT-PCR studies. In contrast, nephrin could not be detected at the protein or mRNA level in human macro-and microvascular cells from other sites. Conclusions/interpretation: Nephrin is expressed at protein and mRNA levels in islet microendothelium, supporting the hypothesis that islet MECs exhibit distinctive morphological characteristics that indicate functional specialisation of potential pathophysiological importance.
Introduction
The microvasculature is a key interface between the blood and tissues and participates in numerous pathophysiological processes. The heterogeneity of microvascular endothelial cells (MECs) derived from different organs [1] [2] [3] [4] [5] [6] indicates strongly that these cells have specialised functions at different anatomical sites. Thus by studying the features of tissue-derived endothelium, we might gain considerable insight into the physiological and pathological processes taking place within a specific organ.
In keeping with this phenotypic and functional heterogeneity amongst endothelial cells, the pancreatic islet microcirculation is characterised by a dense network of sinusoidal capillaries branching from arterioles entering the islet. Although the fine organisation of the vascular architecture is still being debated [7, 8] , the capillaries course through the islet in a tortuous fashion, with the alpha, beta, delta and PP cells nestled within this network such that each endocrine cell is in close proximity to an endothelial cell. Importantly, the capillaries have a distinctive fenestrated endothelium, as demonstrated by in vivo [9, 10] and in vitro [11] studies. This facilitates a rapid exchange of signalling communication and substance exchange. Pancreatic islets express vascular endothelial cell growth factor (VEGF), which contributes to the formation of these endothelial cell surface fenestrae [11] [12] [13] . It is also a characteristic of these cells that they express α1 proteinase inhibitor [11] , which is not only an enzyme inhibitor but also a known immune regulator [14, 15] .
Given these distinctive structural features, it is likely that intra-islet MECs play a pivotal role in islet physiology and the pathogenesis of type 1 and 2 diabetes. It is known that islet MECs are important in the delivery of oxygen and nutrients to endocrine cells, induce insulin gene expression during islet development [16] , and provide secretory signals from other cells mediated through luminal MEC receptors [17] . Importantly, the fenestrated islet microvascular endothelium not only facilitates rapid release of insulin into the circulation, but also appears to play a role in fine-tuning blood glucose sensing and regulation [12, [18] [19] [20] .
The ultrastructural features of islet MECs are highly reminiscent of the appearance of the renal glomerulus. Several recent studies have advanced our understanding of the molecular components of such filtration structures. Notable amongst these components is nephrin, a highly specific barrier protein [21] known to be located in the glomerular slit diaphragm [22, 23] , the ultrathin filter membrane formed by podocyte foot processes [24] . Intriguingly, nephrin has also been described in murine pancreas and in isolated human islets [25, 26] . However, the suggested localisation within beta cells is controversial [27] ; the exact protein localisation in the pancreatic islets therefore remains to be clarified. Against this background, we tested the hypothesis that nephrin is expressed in human islet MECs. We therefore set out to obtain, purify and propagate human islet MECs and investigate their expression of this barrier protein.
Materials and methods
Islet endothelial cell isolation, purification and culture Human islets were obtained from the pancreas of an organ donor using a modification of Ricordi's technique, as described [28] . Islet isolations were carried out in the Cell Isolation Unit at King's College Hospital, and these studies were approved by the local ethical review committee. Approximately 100,000 human islets, 85-90% pure as assessed by dithizone staining, were incubated at 37°C in RPMI (Life Technologies, Paisley, UK) supplemented with collagenase type I-A (1 mg/ml; Sigma Aldrich, Poole, Dorset, UK). To remove larger debris, the digest was passed through a 70-μm filter, and the remaining cell suspension was washed twice at 300 g for 10 min in RPMI/2.5% fetal calf serum (FCS; Euroclone, Paignton, UK). The resulting cell pellet was resuspended in 0.25% trypsin/1 mmol EDTA (Life Technologies) for 10 min at 37°C to obtain a single-cell suspension, washed and resuspended in 80 μl of PBS/0.5% FCS, with 20 μl of anti-CD105 immunomagnetic beads (Dynal, Wirral, UK). After 15 min at 6°C, cells were washed, resuspended in appropriate buffer and positively selected using a MP3 magnetic cell particle separator (Dynal), according to the manufacturer's instructions. Finally, the enriched islet MECs were resuspended in MCDB131 medium (Life Technologies) with 20% FCS, 10 mmol L-glutamine, 12 μg/ml ECGF, 10 ng/ ml EGF, 1 μg/ml hydrocortisone (all products from Clonetics, San Diego, CA, USA) and antibiotics (100 IU/ml penicillin, 100 μg/ml streptomycin) (Sigma), on to tissue culture plates coated with endothelial cell attachment factor (Sigma). Cells were grown to confluence and analysed for the expression of endothelial cell surface markers. If necessary, the positive immunomagnetic bead selection was repeated to achieve more than 90% purity of the islet MEC culture.
Cells were grown until confluent, with the medium changed every 48-72 h, washed twice and dispersed with trypsin/EDTA, as required for analysis or subculture (splitting cells 1:2 or 1:3).
Islet MECs were also cultured in complete medium that contained a high glucose concentration (28 mmol/l) and was changed every 48 h.
As control endothelial cell lines, HUVEC cultures were established as described [29] . In addition, we studied the immortalised HMEC-1 line [30] and a renal tumour microendothelial cell (TEC) line [31] , previously described.
Phenotypic characterisation and detection of endothelial cell surface molecules From the earliest passages for which sufficient cells were available for study, endothelial phenotype was assessed by flow cytometric analysis of the cell surface phenotype, staining for basal expression of endothelial markers and adhesion molecules, or of permeabilised cells for intracellular von Willebrand factor (vWF) staining, as described [32] . The following antibodies were used: anti-human monoclonal antibody against CD105-R-phycoerythrin (undiluted; Serotec, Oxford, UK), CD146-fluorescein isothiocyanate (FITC) (clone P1H12, final dilution 1:100) (Chemicon, Temecula, CA, USA), E-selectin (CD62E, final dilution 1:100), intercellular adhesion molecule-1 (ICAM-1) (CD54, 1:10), CD106 (vascular cell adhesion molecule-1 [VCAM-1], 1:20) (all from Serotec), rabbit anti-human vWF antiserum (1:200) (Sigma) and R-phycoerythrin-conjugated F (ab′) 2 fragment of goat anti-mouse immunoglobulins or R-phycoerythrin-conjugated anti-rabbit immunoglobulins (Dako, Glostrup, Denmark). Ten thousand events were collected and results were expressed as mean fluorescence intensity (MFI) and percentage of positive gated events, with gates established using appropriate isotype control antibodies. For the adhesion molecules, expression is presented as the mean of five separate flow cytometric analyses. Expression of E-selectin, ICAM-1 and VCAM-1 was also reanalysed after incubation with recombinant human TNF-α 10 ng/ml (Sigma) for 4 h. In all experiments, cells were also stained with the corresponding isotype control antibodies and non-specific staining was subtracted from the appropriate population.
Scanning electron microscopy For scanning microscopy, the cells were seeded on gelatin-coated eight-well chamber slides (Nalge Nunc International, Rochester, NY, USA) (approximately 10 4 cells) and cultured for 24-48 h to subconfluence. Cells untreated or treated with TNF-α (10 ng/ml) for 1 h were fixed in Karnovsky's fixative for 1 h, dehydrated in alcohol, dried and coated with gold by sputter-coating (Emitech, Ashford, UK), and examined in a scanning electron microscope (JSM T300; Jeol, Tokyo, Japan) operating at 25 kV.
Detection of nephrin expression by immunofluorescence, immunogold labelling, and flow cytometric studies Immunofluorescence on cultured islet MECs was performed as previously described [33] . For intracellular staining, cells were permeabilised by using 1% paraformaldehyde, 0.5% Triton X-100 for 10 min.
After washing with PBS (0.25% BSA), cells were incubated with anti-nephrin monoclonal antibody (10 μg/ml) (IgG1 48E11, directed against an extracellular domain) [34] or with guinea-pig anti-nephrin polyclonal antibody (diluted 1:50) directed against extracellular (GP-N1), or intracellular (GP-N2) domains (Progen Biotechnik, Heidelberg, Germany) overnight at 4°C. Cells were washed and subsequently incubated with FITC-conjugated antimouse (Dako) or FITC-conjugated anti-guinea-pig (Sigma) IgG for 1 h at room temperature. After washing, the slides were mounted in Vectashield H-1000 mounting medium (Vector Laboratories, Burlingame, CA, USA) and examined by ultraviolet microscopy and digital imaging (Windows MicroImage, version 3.4; Casti Imaging, Venice, Italy) obtained using a low-light video camera (Leica DC100). Immunofluorescence analysis was also performed after incubation of the cells with TNF-α (10 ng/ml) at room temperature for 1 h. Control experiments included incubation with non-immune isotypic control antibodies or the omission of primary antibody. For comparative experiments, HUVEC, HMEC-1 and renal TECs were stained as described. Immortalised podocytes were used as positive control [35] .
Cells were also permeabilised and double-stained for insulin, using rabbit anti-human insulin antibody (1:20) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and for vWF, using rabbit anti-human vWF antibody (1:100) for 1 h, followed by tetramethyl rhodamine (TRITC)-conjugated anti-rabbit IgG (Sigma).
Immunofluorescence studies were also performed on sections of cryopreserved pancreas tissue obtained from deceased organ donors. Pancreatic tail samples were snapfrozen, embedded in OCT (Sakura Finetek, Zoeterwoude, Netherlands) in liquid nitrogen and cryopreserved until use. Three donors were used. Cryostat sections (5 μm) were fixed in 3.5% paraformaldehyde for 15 min and washed. Sections were incubated with anti-nephrin monoclonal antibody (10 μg/ml) or with guinea-pig anti-nephrin polyclonal GP-N2 antibody (1:50) for 2 h at room temperature, washed, and incubated with FITC-conjugated anti-mouse or anti-guinea-pig IgG. Sections of normal kidney obtained from nephrectomy were used as a positive control. For colocalisation studies, sections were subsequently double-stained with anti-human insulin antibody or anti-vWF antibody for 1 h, followed by TRITC-conjugated anti-rabbit IgG. Images acquired by examining the sections under a 580 nm (for TRITC) and 517 nm (for FITC) narrow bandpass filter were then analysed using digital image analysis.
Immunogold scanning electron microscopy labelling studies were performed on 2.5% paraformaldehyde-fixed islet MECs using two monoclonal antibodies (IgG1 48E11 or 41F2, [34] ) and, as secondary antibody, a 5-nm goldconjugated anti-mouse antibody (BBInternational, Cardiff, UK) followed by silver enhancement (Silver Enhancing Kit; BBInternational). Samples were postfixed in 2.5% glutaraldehyde, treated, and examined by scanning electron microscopy, as described above.
For flow cytometric analyses, islet MECs were collected with non-enzymatic cell dissociation solution, fixed with 1% paraformaldehyde for 5 min and stained for 1 h at 4°C with anti-nephrin monoclonal antibody (final dilution 1:50) (IgG1 48E11) or corresponding isotype antibody, washed and incubated with FITC-conjugated anti-mouse IgG for 1 h at 4°C. Comparative studies on the other endothelial cells and podocytes were also performed. In a two-parameter flow cytometric analysis, after staining for nephrin, cells were permeabilised and then stained for vWF, using FITC and R-phycoerythrin respectively as fluorochromes, as described above.
Detection of nephrin expression by western blot analysis
Islet MECs cultured in physiological or high glucose concentrations were lysed at 4°C for 1 h in lysis buffer [33] containing 20 mmol CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulphonate; Sigma). After centrifugation of the lysates at 15,000 g, samples were normalised to 50 μg/sample in 20 μl and resolved by 8% SDS-PAGE under reducing conditions and transferred to nitrocellulose [33] . Membranes were blocked and incubated with a mix of three anti-nephrin monoclonal antibodies (IgG2b 50A9, IgG1 47B8, IgG1 41F2) [34] at a concentration of 2.5 μg/ml, or with GP-N2 polyclonal antibody (1:500) overnight at 4°C. Blots were probed with peroxidase-conjugated goat anti-mouse IgG (1:50 000) (Pierce, Rockford, IL, USA) or protein A (Amersham, Little Chalfont, UK) for 1 h at room temperature and developed with chemiluminescence reagents (ECL; Amersham). Immortalised podocytes, HUVEC and HMEC-1 served as control cells.
For reprobing, nitrocellulose filters were first stripped of antibody as described [33] , and subsequently incubated as above with anti-nephrin monoclonal antibody preadsorbed on podocytes in culture for 12 h.
Semiquantitative RT-PCR analysis of nephrin expression RT-PCR was performed using total RNA from islet MECs, immortalised podocytes and HMEC-1, extracted and reverse-transcribed as previously described [33] .
Results
Islet endothelial cell phenotype and surface molecule expression As shown in Fig. 1a , isolated islet MECs exhibited an elongated shape without typical cobblestonelike endothelial cell morphology and maintained endothelial cell characteristics, as assessed by detection of vWF expression and endothelial-cell-associated epitopes, i.e. the transmembrane glycoprotein melanoma cell adhesion molecule (MCAM) (CD146) and endoglin (CD105) by FACS analysis (Fig. 1b-d) .
By cytofluorimetric analysis, islet MECs showed high basal expression of ICAM-1 (CD54) (mean±SD MFI 57.2± 33, mean±SD percentage of positive cells 69.7±14), and no detectable basal expression of VCAM-1 (CD106) and E-selectin (CD62E) (Fig. 1e,f) . TNF-α treatment induced neo-expression of VCAM-1 (MFI 28±6, percentage of positive cells 51.6±12).
Islet MECs grown under high-glucose conditions assumed a more rounded shape, with progressive cell shrinkage and detachment. After 1 week of culture, the number of islet MECs was reduced to 20.3±14.2% (n=5) of that in a physiological concentration of glucose.
By scanning electron microscopy, islet MECs appeared flat with a rather smooth surface, and with nuclei and nucleoli protruding from the even surface. Several fenestrations were detectable (Fig. 2a) . TNF-α treatment gave rise to marked cell retraction, ruffling of the surface, and loss of reciprocal contacts (Fig. 2b) . Nuclei and nucleoli were no longer visible due to the thickening of the cell bodies, as a consequence of the retraction of peripheral cytoplasmic laminae. Nephrin expression in islet endothelial cells and pancreatic islets The immunogold labelling showed nephrin localisation on the surface of islet MECs, without accumulation at the cell-to-cell junctions, at variance with the distribution observed in podocytes (Fig. 3a) . Indirect immunofluorescence studies detected the expression of nephrin in permeabilised cells stained with antibody directed against the intracellular domain (Fig. 3b) , and in a fine, punctate, diffuse pattern on non-permeabilised islet MECs stained with monoclonal antibody and polyclonal antibody against extracellular domains (Fig. 3c) . When the cells were incubated with TNF-α for 1 h, nephrin appeared focally redistributed in one or multiple aggregates (capping), leaving parts of the cell surface devoid of antigen (Fig. 3d) . Double-staining immunofluorescence studies confirmed that islet MECs did not express insulin (data not shown), but were positive for nephrin and vWF expression (Fig. 4a) .
Expression of nephrin on islet MECs was confirmed by flow cytometric analysis (Fig. 4b) . In the two-parameter analysis, all islet MECs expressing nephrin were simultaneously positive for the endothelial marker vWF (Fig. 4c) , unequivocally proving their endothelial phenotype. The isotypic-negative control, as well as HUVEC, HMEC-1 and TECs, stained negatively with anti-nephrin antibodies in immunofluorescence and flow cytometric studies (Fig. 4d,e) .
Culture in a high glucose concentration did not affect the expression of nephrin, which was detected in a pattern similar to that of islet MECs grown in physiological Immunofluorescence studies on sections of human pancreas detected nephrin expression within islets, non-colocalising in double immunofluorescence, with insulin-positive cells (Fig. 5a-c) . The pattern was reminiscent of the distribution of fine vessels penetrating the islets, confirmed in double immunofluorescence using antibody for vWF (inset in Fig. 5c ).
Western blot and RT-PCR analyses Primary islet MECs showed expression of nephrin in western blot analysis using either monoclonal antibodies directed against extracellular domains or polyclonal antibodies directed against intracellular domain GP-N2, as a band of approximately 160 kDa (Fig. 6a) . Immortalised podocytes, used as a positive control, showed expression of the protein with a higher molecular mass (180 kDa), as previously shown [35] . Antigen preadsorption of the antibodies completely (Fig. 6b, lanes 4 and 5) , with reappearance of the band on further incubation of the membrane with non-adsorbed antibodies (Fig. 6b, lanes 6  and 7) .
Culture in a high glucose concentration for up to 8 days again did not reduce the expression of nephrin as shown by western blot analysis (Fig. 6c) .
RT-PCR analysis detected nephrin mRNA expression in islet MECs and in podocytes as a band 492 bp (Fig. 6d) . No bands were detected by western blotting and RT-PCR when using HUVEC and HMEC-1 cell lysates and mRNA, respectively.
Discussion
The present work demonstrates for the first time the expression of nephrin at protein and mRNA levels in primary endothelial cells purified and cultured from human pancreatic islets, but not in HUVEC or other microvascular endothelial cell lines. Moreover, the nephrin expressed in islet MECs has functional characteristics that are highly reminiscent of the same protein expressed by podocytes in the renal glomeruli, in that in both cell types treatment with TNF-α acts on the cell cytoskeleton to induce a marked redistribution of nephrin expression.
Nephrin is a cell adhesion transmembrane protein of the immunoglobulin superfamily, expressed by the podocyte slit diaphragm, which has a pivotal role in the regulation of glomerular selective permeability [21] [22] [23] [24] . In glomerular capillaries, nephrin is unique to podocytes. In the present study, we identified a form of endothelial expression of this protein, which among the endothelial cell types studied appears to be specific to pancreatic islet MECs. This is consistent with the ultrastructural features of these cells in the islet, which form a microvasculature that is characterised by a glomerulus-like network of fenestrated capillaries [7] [8] [9] [10] . Future analysis of the nephrin structurefunction relationship in islet microendothelium will reveal its potential contribution to islet-specific transendothelial diffusion.
The discrepancy of expression in cells of different embryological origin, such as glomerular epithelial and endothelial cells, has no immediate explanation. However, nephrin has also been reported in some parts of the central nervous system in mice [25, 36] , again suggesting a diverse, ectodermal, origin.
The biological roles of nephrin in extrarenal sites remain unclear, although it has been speculated, for instance, that in Sertoli cells, which form the blood-testis barrier, nephrin might contribute to this function [37] . The presence of nephrin in human islets of Langerhans was reported recently. In that study, tissue immunofluorescence studies suggested that nephrin is localised within pancreatic islet beta cells [26] . However, a more recent study, using different antibodies, did not confirm expression in human beta cells [27] . The present study, which used different specific antibodies directed against intracellular and extracellular domains in immunofluorescence, as well as cytometric, western blotting and RT-PCR assays, with results confirmed by immunogold labelling, shows unequivocally that cultured islet MECs expressing classical endothelial markers also express nephrin. The molecular mass of the nephrin detected is approximately 160 kDa, as previously described for nephrin detected in a total extract of human islets [26] . The apparent molecular mass of nephrin expressed by podocytes is 180 kDa. It seems probable, therefore, that the pancreatic isoform is a spliced variant of nephrin, referred to as α-nephrin, lacking the exon coding for the transmembrane-spanning domain [38] . Alternatively, the difference in apparent molecular mass between glomerular and pancreatic nephrin may be due to posttranslational modification of the protein (predicted molecular mass 135 kDa), namely a minor N-glycosylation [21, 39] . Speculations on the nature of the structure of islet nephrin are further complicated by recent work in transgenic mice, showing that there are specific elements in the tissue-specific expression of nephrin [36] . Further studies on the regulatory mechanisms of the nephrin gene may help to elucidate its function in extrarenal sites. Nephrin appears to be more than simply a structural component of the glomerular ultrafiltration barrier [24] . A consensus view from several recent studies might be that nephrin is an adhesion and signalling molecule, modulating a variety of cellular programmes, including proliferation, differentiation and apoptosis, as well as a determinant of cellular ultrastructure [40] [41] [42] [43] [44] . How and when nephrin delivers these signals in islet MECs in vivo remains to be unravelled, as does the identity of any nephrin ligands. Some insight into a possible role for nephrin in islet physiology derives from studies in mice with pancreatic VEGF-A deletion. These mice show loss of fenestration and a thicker endothelial cell body, as well as defective blood glucose levels on glucose tolerance testing. These changes may well involve modifications of nephrin expression, which is downregulated in glomeruli of mice treated with neutralising anti-VEGF antibodies [45] . Other studies support the possibility that the islet microvasculature participates in sensing the environment of the islets [18] [19] [20] .
In preliminary experiments, high-glucose conditions did not alter nephrin expression or distribution. In cultured podocytes, high glucose has been shown not to decrease nephrin expression, which was instead reduced by glycation end-products and angiotensin [33] .
Neither diabetes nor any other form of pancreatic endocrinopathy has been described in patients with congenital nephrotic syndrome of the Finnish type (a disease characterised by mutation of the nephrin gene [21] ) who early in life have undergone post-transplant immunosuppressive therapy, interfering with glucose metabolism. Further studies are needed to explore whether nephrin expressed in islet microendothelium has any functional relevance, in terms of permeability regulation or signalling functions, and whether there is any interplay between chronic hyperglycaemia and nephrin expression.
